Social life is generally associated with an increased exposure to pathogens and parasites, due to factors such as high population density, frequent physical contact and the use of perennial nest sites. However, sociality also permits the evolution of new collective behavioural defences. Wood ants, Formica paralugubris, commonly bring back pieces of solidified coniferous resin to their nest. Many birds and a few mammals also incorporate green plant material into their nests. Collecting plant material rich in volatile compounds might be an efficient way to fight bacteria and fungi. However, no study has demonstrated that this behaviour has a positive effect on survival. Here, we provide the first experimental evidence that animals using plant compounds with antibacterial and antifungal properties survive better when exposed to detrimental micro-organisms. The presence of resin strongly improves the survival of F. paralugubris adults and larvae exposed to the bacteria Pseudomonas fluorescens, and the survival of larvae exposed to the entomopathogenic fungus Metarhizium anisopliae. These results show that wood ants capitalize on the chemical defences which have evolved in plants to collectively protect themselves against pathogens.
INTRODUCTION
The detrimental impact of parasites and pathogens can be particularly high in social animals for several reasons. First, high host density and frequent social contacts increase the probability of parasite transmission (Anderson & May 1979; Côté & Poulin 1995; Nunn et al. 2000) . For instance, the prevalence of ectoparasites increases with colony size in birds (Brown & Brown 1996) . Second, most social animals breed in the same nests during successive years, which favours parasite survival and specialization (Møller & Erritzøe 1996; McCoy et al. 2003) . Colonial birds and mammals have a high prevalence of parasites (Brown & Brown 1996; Rozsa et al. 1996; Christe et al. 2003a ) and coloniality promotes parasite specialization and speciation in birds (Tella 2002; Tripet et al. 2002) . Social insects also live in fixed nests, often for many generations (Crozier & Pamilo 1996) . Third, most social animals live in family groups. As a result, the genetic diversity in the social groups is generally low, which may facilitate the spread and adaptation of parasites within groups (Hamilton 1987; Sherman et al. 1988) .
Social animals have evolved sophisticated behavioural defences to counteract the detrimental effect of parasites and pathogens, including parasite avoidance, grooming and waste management (Giorgi et al. 2001; Boomsma et al. 2005) . Another way to keep parasites at bay might be to incorporate fresh plant material rich in secondary volatile compounds into the nest material (Hart 2005) . Wood ants Formica paralugubris collect pieces of solidified resin from coniferous trees (mostly spruce, Picea abies) that they mix with their nest material. Resin is commonly found on the nest surface and within the mound where the brood is raised, and large mounds can contain up to 20 kg of resin (Christe et al. 2003b) . Coniferous resin contains a complex mixture of terpenes that protects wounded trees against bacterial and fungal infections (Cowan 1999; Phillips & Croteau 1999; Martin et al. 2002) , and the presence of resin inhibits the growth of bacteria and fungi in ant nest material (Christe et al. 2003b) . However, the impact of resin on ant survival has not been investigated so far.
Many cavity nesting birds and a few mammals also add fresh plant material to their nests (Clark & Mason 1985; Hemmes et al. 2002; Petit et al. 2002; Hart 2005; Gwinner & Berger 2006; Rajasekar et al. 2006) . A possible explanation is that plant collection is a sexually selected trait, and in a few bird species, the plants indeed increase the attractiveness of males (Brouwer & Komdeur 2004; Gwinner & Berger 2006; Veiga et al. 2006) . Interestingly, this hypothesis does not apply to the social insects in which males do not construct the nest and usually mate away from it. An alternative hypothesis is that plant compounds have an anti-parasite effect. In birds, some studies have found that green plant material has a negative impact on mites, mosquitoes or fleas (Lafuma et al. 2001; Hart 2005; Shutler & Campbell 2007) , but others failed to detect this effect (Gwinner et al. 2000; Brouwer & Komdeur 2004) . So far, no study has demonstrated that the use of fresh plant material increases survival.
Here, we test whether the presence of resin improves the survival of wood ants challenged with two microorganisms that are likely to be detrimental to the ants, the Gram-negative bacteria Pseudomonas fluorescens and the generalist entomopathogenic fungus, Metarhizium anisopliae. Pseudomonas fluorescens are common bacteria colonizing soil, water and plant surfaces. Although P. fluorescens are generally considered benign or weakly pathogenic, some strains have a strong detrimental effect on insects. For example, a strain produces toxins that are lethal to larvae and pupae of mosquitoes (Prabakaran et al. 2003) , another strain produces extracellular chitinases and kills ladybird beetle (Epilachna vigintioctpunctata) larvae when ingested (Otsu et al. 2004) , and P. fluorescens is often associated with septicaemia in honeybees (Apis mellifera Schmid-Hempel 1998). Metarhizium anisopliae is a virulent fungus that infects many insect species (Hajek & Leger 1994) and is very common in Switzerland (Keller et al. 2003) . Metarhizium anisopliae is frequently used as an experimental pathogen of ants and termites ( Traniello et al. 2002; , and it has been found to naturally infect ants, although its prevalence in the field is not well known and might be low (Schmid-Hempel 1998; . In fullfactorial design experiments, we investigated whether the presence of resin increased the survival of adult and larval ants exposed to either P. fluorescens or M. anisopliae.
MATERIAL AND METHODS
(a) Micro-organisms inhibited by resin We first tested the effect of resin against a strain of P. fluorescens that we isolated from nest material sampled in our study population (see below), and against a strain of M. anisopliae var. anisopliae that was isolated from codling moth larvae in Austria (ATCC number 90448). The resin inhibited P. fluorescens in vitro. We suspended three bacterial colonies in 5 ml of 0.9% NaCl, and spread 0.5 ml of this solution on Mü ller-Hinton agar plates. After 30 min, we placed four pieces of resin (diameter 6.4G1.0 mm, meanG s.e.) on the plates. After incubating the plates at 308C for 24 h, the inhibition halos around the pieces of resin were 2.36G0.58 mm wide (meanGs.e.). The resin also inhibited the vegetative growth and sporulation of M. anisopliae in vitro. We spread 100 ml of a 0.1% Tween 80 solution containing M. anisopliae spores at a concentration of 18!10 6 spores ml K1 on a selective medium containing dodine, cycloheximide and chloramphenicol (Lacey 1997) . We placed four pieces of resin (diameter 6.0G0.7 mm, meanGs.e.) on the plates and incubated them at 258C. After 7 days, the pieces of resin were surrounded by 3.6G0.4 mm (meanGs.e.) wide areas clear of hyphae and in which all spores had failed to germinate. After 17 days, the plates were covered with a layer of green spores, except for large areas (9.0G1.0 mm wide, meanGs.e.) around the pieces resin that were clear of spores.
(b) Sampling of ants Wood ants, F. paralugubris, were sampled from nests located near the Chalet à Roch in the Swiss Jura Mountains (Chapuisat et al. 1997) . In this population, there are many queens per nest and the workers are not aggressive towards each other (Chapuisat et al. 2005; Holzer et al. 2006) . At least 70 queens, thousands of workers and nest material were collected within eight nests (other than the one from which the Pseudomonas strain was isolated). These samples from the eight nests were thoroughly mixed together, resulting in one large homogenous mix of workers, queens and nest material that was placed in one large stock colony. Adult workers and larvae born in the stock colony were randomly allocated to treatment groups. The pieces of resin used in the experiments also came from this stock.
(c) Ant survival We performed full-factorial design experiments to measure the impact of resin and potential pathogens on ant survival. We recorded the survival of adult workers or larvae subjected to the following four conditions: first, a control with no resin and no microbial challenge; second, a treatment with resin but no microbial challenge, to examine whether the resin by itself is toxic or beneficial; third, a treatment with a microbial challenge in the absence of resin, to reveal the pathogenicity of the bacteria or fungus; and fourth, a treatment with the same microbial challenge in the presence of resin, to examine whether the resin improves the survival of ants under the threat of infection.
In the experiments with adult workers, single workers were kept in 5.5 cm diameter Petri dishes with a filter paper at the bottom. The ants were provided with ad libitum 8% sugar water. Each control and treatment group had 20 replicates. In the treatments with resin, one piece (0.06 g) of resin was placed on the filter paper in the Petri dish. We tested two separate microbial challenges in two independent, fullfactorial experiments, so the total number of replicates (single adult workers) was 160. In the Pseudomonas challenge, 0.5 ml of peptone solution containing P. fluorescens at a concentration of 4!10 9 CFU ml K1 was deposited in the centre of the filter paper, close to but not on the resin or ant. In the Metarhizium challenge, 0.5 ml of peptone solution containing spores of M. anisopliae var. anisopliae at a concentration of 8.3!10 6 spores ml K1 was used in the same way. The challenge-free controls received 0.5 ml of peptone solution. The entire filter paper became damp, so that the individuals probably came into direct contact with the micro-organisms. The infection by Pseudomonas may occur through oral or cuticular contact, whereas spores (conidia) of Metarhizium adhere to the surface of the insect, germinate and produce hyphae that penetrate the cuticle (Hajek & Leger 1994) . To confirm that the infection with Metarhizium was effective, a sample of corpses was surface-sterilized and placed on a malt extract agar at 258C. Out of 20, 12 (60%) corpses from the infected treatment produced green conidia, whereas none of the 20 corpses from the control group did.
The impact of resin and potential pathogens on the survival of larvae was tested by placing three larvae in small artificial nests made of 9 cm circular plastic boxes with a filter paper covering the bottom of the nest and a central layer of plaster connected to a small underneath water reservoir (Passera et al. 1988) . The nest was covered with a dark plastic flowerpot and placed in a 19!14 cm foraging arena lined with fluon to prevent escape. We provided sugar water and a protein-rich jelly made of honey, eggs and agar. Fifteen workers fed and tended the larvae. We performed two separate experiments, one with the Pseudomonas challenge and another with the Metarhizium challenge, but used the same challenge-free replicates (20 with and 20 without resin) for both experiments, resulting in a total number of replicates (experimental nests with three larvae) of 120. The design of these experiments was similar to the one with single adult workers, except for the amount of resin placed in the nests (0.2 g) and the concentrations of micro-organisms (10 11 CFU ml K1 and 8.3!10 7 spores ml K1 in the Pseudomonas and Metarhizium challenges, respectively), which were adapted to the larger box size and higher number of individuals.
All experiments took place at 258C. We recorded the survival of single adult workers and larvae on a daily basis, over 20 and 11 days, respectively. We removed corpses to prevent contamination. Differences in the survival of single adult ants were tested using Kaplan-Meier analyses with Mantel-Cox log-rank tests, as implemented in the computer program STATVIEW v. 4.51 (Abacus Concepts, Berkeley, CA). Differences in the survival of larvae in groups were tested with repeated measures ANOVA, using the R software (v. 1.5.1, http://www.r-project.org/). The repeated measure was the daily number of live larvae in each box, over 10 days.
RESULTS
The presence of resin improved the survival of single adult workers exposed to the bacteria P. fluorescens (figure 1), but not to the fungus M. anisopliae (figure 2). The experimental challenge with P. fluorescens strongly reduced the survival of adult workers in the absence of resin (figure 1, Pseudomonas versus control, Kaplan-Meier analysis: c 1 2 Z13.4, p!0.001). The presence of resin significantly increased the survival of adults exposed to P. fluorescens (figure 1, resinCPseudomonas versus Pseudomonas, c 2 Z4.6, pZ0.03).
The challenge with M. anisopliae also induced a significant mortality of adult workers in the absence of resin (figure 2, Metarhizium versus control, c 2 Z7.4, pZ0.007). However, the presence of resin did not affect the survival of adults exposed to M. anisopliae (figure 2, resinCMetarhizium versus Metarhizium, c 2 Z0.02, pZ0.89). In the absence of a microbial challenge, the resin had no significant effect on the survival of adult workers (figures 1 and 2, resin versus control, c 2 Z0.2, pZ0.66 and c 2 Z2.0, pZ0.16, respectively). The presence of resin strongly improved the survival of larvae challenged with either P. fluorescens or M. anisopliae ( figures 3 and 4) . The exposure to P. fluorescens had a strong negative effect on the survival of larvae in the absence of resin (figure 3, Pseudomonas versus control, repeated measures ANOVA: F 1,38 Z29.3, p!0.001), but this effect was significantly reduced in the presence of resin (figure 3, resinCPseudomonas versus Pseudomonas, F 1,38 Z20.7, p!0.001).
The challenge with M. anisopliae also induced a significant mortality of larvae in the absence of resin (figure 4, Metarhizium versus control, F 1,38 Z17.9, p!0.001). In contrast to adults, the presence of resin significantly improved the survival of larvae exposed to M. anisopliae (figure 4, resinCMetarhizium versus Metarhizium, F 1,38 Z13.6, p!0.001). Finally, the resin had no significant effect on the survival of larvae in the absence of a microbial challenge (figures 3 and 4, resin versus control, F 1,38 Z0.75, pZ0.39).
DISCUSSION
These experiments demonstrate that the pieces of solidified coniferous resin that wood ants commonly bring to their nests protect their larvae against the detrimental impact of two common micro-organisms. Single adult workers also better survived a bacterial challenge in the presence of resin. This is the first evidence that the collection of plant compounds with antibiotic and antifungal properties by wild animals increases their survival when they are exposed to harmful microorganisms under laboratory conditions. The bacteria P. fluorescens and fungi M. anisopliae were pathogenic to both adult and larval ants in the experimental conditions that we tested. The doses of micro-organisms were high, but the exposition by contacting a damp filter paper is probably benign in comparison with direct topical application or oral ingestion. The conditions were likely to be stressful, both for isolated adult workers and for larvae in small experimental colonies. Indeed, the survival of larvae was low, even in absence of microbial challenge.
The important point of this experiment is that the presence of resin greatly enhanced the survival of adult and larval ants challenged with P. fluorescens, as well as the survival of larval ants challenged with M. anisopliae. In contrast, the presence of resin had no beneficial or toxic effect on adult or larval ants in the absence of a microbial challenge. Moreover, the resin inhibited both microorganisms in vitro ( §2). Together, these results strongly suggest that the presence of resin protects the ants against detrimental micro-organisms.
Under field conditions, the resin is likely to be efficient against multiple other pathogens of ants. This is because the resin is rich in terpenes and other oleic compounds that have a broad spectrum of antibacterial and antifungal properties (Cowan 1999; Phillips & Croteau 1999) . Overall, the protection that resin confers against the detrimental effect of bacterial and fungal pathogens, particularly during the sensitive brood stage, is likely to be important for the productivity and persistence of wood ant colonies.
The precise mode of action of resin in ant colonies remains to be studied. The presence of resin limits the growth of bacteria and fungi in nest material, which might be mediated by fumigation through volatile compounds or direct contact (Christe et al. 2003b) . In addition, the workers might also contact the resin, either directly or indirectly through nestmates or volatile compounds, which might result in topical application or ingestion of active substances, or even in a modulation of immune defences (Gwinner et al. 2000) . The effect of resin may also depend on the dose and mode of infection of each pathogen, and there is no reason to expect that the resin will protect the ants against all micro-organisms in all conditions. Indeed, the presence of resin did not significantly increase the survival of single adult workers exposed to spores of M. anisopliae. The resin might still have a positive effect on adults in less stringent conditions, for example, under lower doses or when multiple workers groom each other to remove spores (Hughes et al. 2002; Yanagawa & Shimizu 2007) .
Our study shows that wood ants use plant chemical defences to collectively protect themselves against detrimental micro-organisms and improve the public health in their societies. These results illustrate that if social life increases the exposure to parasites, it also offers novel and efficient means of defence (Boomsma et al. 2005) . Wood ants form very large social groups with high rates of contacts. Moreover, they feed on animal prey and live in nests that are perennial, warm and humid, which may further facilitate the spread of epidemics (Christe et al. 2003b) . However, cooperation in large groups also permits efficient exploitation of natural resources and control of the physical environment of the nest to limit the impact of parasites and pathogens.
